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Effects of pregnancy on glomerular dynamics: Micropuncture study in
the rat. Glomerular dynamics were investigated by micropuncture in 15-
day pregnant Munich-Wistar rats. Female non-pregnant rats were used
as control. In hydropenia, single nephron glomerular filtration rate
(SNGFR) averaged 37.2 nl/min/g kidney weight in pregnant rats, and
26.2 nl/min/g kidney weight in controls (P < 0.0005). During pregnancy,
mean glomerular plasma flow (GPF) rose from 63.0 to 104.5 nI/mm (P <
0.0005), and glomerular capillary hydrostatic pressure (PG) from 44.8 to
50.6 mm Hg (P < 0.0005). This rise in P0 accounted for an increase in
effective filtration pressure (EFP). Mean EFP at the efferent end of the
glomerulus rose from near zero to 9.7 mm Hg, indicating filtration
pressure disequilibrium. After extracellular fluid volume expansion
with saline, GPF and EFP were still greater during pregnancy. A
filtration pressure disequilibrium occurred also in non-pregnant rats,
allowing calculation of definite values of the ultrafiltration coefficient
(K1). During pregnancy, mean Kf was reduced from 0.0332 to 0.0285 nI/
(sec mm Hg) (P < 0.005). SNGFR was moderately, but not significant-
ly, increased, These results show that during pregnancy glomerular
dynamics is characterized by a rise in GPF and EFP, and by a reduction
in K1. Following these changes, a plasma-flow dependent rise in
SNGFR occurs in hydropenia. After expansion, instead, SNGFR is
unmodified because the dependence of ultrafiltration on plasma-flow
declines while the influence of K1 increases at high values of GPF.
Effets de Ia grossesse sur Ia dynamique glomérulaire: Une étude par
microponction chez le rat. La dynamique glomérulaire a dté étudiée par
microponction chez des rates Munich-Wistar a iS jours de gravidite.
Des rates non gravides ant ete utilisées comme contrôle. En hydro-
pénie, Ia filtration glomerulaire des néphrons individuels (SNGFR) était
en moyenne de 37,2 nl/min/g de rein chez les rates gravides et de 26,2 nIl
mm g de rein chez les contrôles (P < 0,0005). Pendant Ia gravidité, le
debit plasmatique glomerulaire moyen (GFP) s'est élevé de 63,0 a 104,5
ni/mm (P < 0,0005), et Ia pression hydrostatique capillaire glomérulaire
(P0) de 44,8 a 50,6 mm Hg (P < 0,0005). Cette élévation de P0 était a
l'origine d'une élévation de Ia pression de filtration efficace (EFP). EFP
moyenne a l'extrémité efférente du glomérule s'est élevée de presque
zero a 9,7 mm Hg, indiquant un déséquilibre de Ia pression de filtration.
Après expansion du liquide extracellulaire avec du solute physiolo-
gique, GFP et EFP étaient toujours plus élevés pendant Ia gravidite. Un
desequilibre de Ia pression de filtration est Cgalement apparu chez des
rates non gravides, permettant Ic calcul de valeurs précises du coeffi-
cient d'ultraflltration (K1). Pendant Ia gravidite, K1 moyen était réduit
de 0,0332 a 0,0285 nhl(sec mm Hg) (P < 0,005). SNGFR était modéré-
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ment, mais non significativement, augmenté. Ces résultats montrent
que pendant Ia grossesse Ia dynamique glomerulaire est caractérisée par
une ClCvation de GFR et de EFP, et par une reduction de K1. Après ces
modifications, une augmentation de SNGFR ddpendant du debit plas-
matique survient en hydropenie. Apres expansion, au contraire,
SNGFR n'est pas modiflé car Ia dépendance de l'ultrafiltration au debit
plasmatique s'abaisse alors que l'influence de K1 augmente aux fortes
valeurs de GFP.
Homer Smith stated 30 years ago: "To a renal physiologist, a
pregnant woman is a very interesting phenomenon. I do not
know any other way to increase the filtration rate by 50 percent
or better for prolonged periods" [I]. A similar rise in glomerular
filtration rate (GFR) during pregnancy has also been demon-
strated in the rat [2—6]. Up to the present, however, the reasons
accounting for this exciting phenomenon have not been fully
clarified. The unique available study on glomerular dynamics in
pregnant rats is a report by Baylis [6]. This author observed that
the rise in single nephron GFR (SNGFR) was proportional to
the increase in glomerular plasma flow, without any change in
the other determinants of glomerular ultrafiltration. Other au-
thors, however, could not find a gestational increase in renal
plasma flow [2, 4, 7]. The rise in GFR was associated with a rise
in filtration fraction, suggesting an increased filtration pressure,
secondary to a postglomerular constriction, as the primary
change in glomerular dynamics [8].
This study was undertaken to clarify the mechanisms by
which glomerular filtration increases during pregnancy.
Methods
Studies were performed in 14 pregnant and in 17 non-
pregnant female rats (control) of the Munich-Wistar strain, in
which the glomeruli are on the kidney surface. Pregnant rats
were studied 15 to 16 days after mating. The animals were
anesthetized by intraperitoneal injection of Nembutal (sodium
pentobarbital), 60 mg/kg body weight, placed on a temperature-
regulated table and prepared for micropuncture, as previously
described [9]. Briefly, a tracheostomy was performed and
indwelling polyethylene catheters were inserted into the left
jugular vein, the left femoral vein, and the left femoral artery.
The left kidney was exposed through a midline laparotomy and
was separated gently from the adrenal gland and perirenal fat.
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The kidney was then placed in a cup (Lucite®) and its surface
covered with heated (37°C) isotonic sodium chloride solution
(during micropressure measurements) or vaseline oil (during
collections from tubules and peritubular capillaries).
Studies in hydropenia. Twelve pregnant rats and 13 control
rats were studied in hydropenia. After the surgical preparation,
an intravenous infusion of bicarbonate-saline solution (in milli-
moles per liter: NaC1, 110; NaHCO3, 28; KCI, 5) containing
chemical (non-isotopic) inulin (7%) was begun at an infusion
rate of 0.02 mi/mm and was maintained thereafter. Starting after
60 mm of stabilization, three to ten timed complete collections
of tubular fluid were performed with sharpened micropipettes (5
to 8 tIm, O.D.), filled with colored mineral oil and 3 to 5 blood
samples were collected from the welling point of superficial
efferent arterioles utilizing heparinized oil-filled micropipettes
(12 to 15 m, O.D.). Details about the procedure of these
collections were described previously [10, 111. Coincident with
tubule fluid and peritubular blood collections, femoral arterial
blood samples, 100 td in volume, were obtained for determina-
tion of hematocrit, plasma inulin, and protein concentration.
Hydrostatic pressure was measured in surface glomerular capil-
laries (PG), in the tubular lumen (PT) and in the largest peritubu-
lar capillaries (so-called efferent arteriole pressure, EAP) by a
servo-nulling device (I.P.M., San Diego, California). Micropi-
pettes with outer tip diameters of 2 to 4 m and containing 1.0 M
NaCl solution were used. Cortical pressures were registered
simultaneously with mean arterial pressure from the femoral
artery (BP) in a dual-channel Hewlett-Packard recorder (7702
B).
Studies after extracellular fluid (ECF) volume expansion
These studies were carried out in eight pregnant rats and in
eight control rats. Six pregnant and four control rats were
studied following the completion of measurements in hydro-
penia; the other rats were prepared for micropuncture and
studied after a 60-mm stabilization. ECF volume expansion was
induced by the infusion of the bicarbonate-saline solution at the
rate of 7% of body weight in 1 hr. Micropuncture measurements
(the same as in hydropenia) were obtained in the subsequent 60-
mm interval, during which infusion rate was reduced to 2% of
body weight per hour. In these studies, the inulin solution (10 g/
dl) was infused via a separate catheter at the rate of 0.02 ml/min.
Analytical determinations. The volume of tubule fluid col-
lected from individual nephrons was estimated from the length
of the fluid column in a calibrated constant-bore quartz tubing
of approximately 70 m I,D. (Friedrich and Dimmond, Mill-
yule, New Jersey). The concentration of inulin in tubular fluid
was measured by the microfluorescence method of Vurek and
Pegram. Plasma inulin concentration was determined by the
diphenylamine method. Plasma protein concentration was mea-
sured by Lowry's method in femoral arterial blood and a
microadaptation of the same method in blood collected from
efferent arterioles [91.
Calculations. Single nephron GFR (SNGFR):
SNGFR = (TF/P)1 x V (1)
1Landis-Pappenheimer equation assumes an albumin to globulin (AI
G) ratio of I. In five 15-day pregnant rats, we found an AIG ratio of
1.074 0.195 5EM; this value was not statistically different from 1.
where (TFIP)1 and V are the ratio between tubule and plasma
inulin concentration and tubular flow rate, respectively.
Single nephron filtration fraction (SNFF):
SNFF = 1 — (2)
where Ca and Ce denote afferent and efferent protein concentra-
tion, respectively.
Afferent arteriole plasma flow (AAPF):
-
SNGFRAAPF — SNFF
Efferent arteriole plasma flow (EAPF):
EAPF = AAPF - SNGFR
Afferent arteriole blood flow (AABF):
AABF = AAPF/(l — Hcta)
where Hcta is arterial blood hematocrit.
Efferent arteriole blood flow (EABF):
EABF = AABF - SNGFR
The hydrostatic pressure gradient across
capillary (PG):
LP0 = PG — PT
(3)
(4)
(5)
(6)
the glomerular
(7)
Effective filtration pressure at the afferent end (EFPa) and at
the efferent end (EFPe) of the glomerulus:
EFPa = LPG — iTa
EFPe = — ire
(8)
(9)
where iTa and ir are oncotic pressures at the afferent and the
efferent end of the glomerulus, respectively. lTa and ii, were
calculated from Ca and Ce, respectively, according to the
Landis-Pappenheimer equation [91.1
Vascular resistance across single afferent arteriole (Ra) and
single efferent arteriole (Re):
Ra = (BP PG)/AABF x 7.962 x l0'°
Re = (PG — EAP)/EABF X 7.962 X lOb
(10)
(11)
where the factor 7.962 x 1010 was used to express R in units of
dyne per second per centimeter5 when pressures were expressed
in millimeters of mercury and flows in nanoliters per minute.
The ultrafiltration coefficient (Kf), that is, the product of
surface area (5) and effective hydraulic permeability (k) was
calculated from:
SNGFR = Kf(LPG — (12)
where is the mean value of colloid osmotic pressure in the
glomerular capillary. Calculation of a unique value of was
possible only in the presence of a filtration pressure disequilibri-
um (that is, for EFPe> 0), according to a differential equation
elaborated by Deen, Robertson, and Brenner [12]. In the
presence of filtration pressure equilibrium, was calculated as
(Ira + ir)I2. Use of the latter in equation (12) gave only the
minimal numerical value of Kf [12].
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Table 1. Effects of pregnancy on glomerular dynamics in hydropenia'
ni/minig Hct
ni/mm kidney wt mm Hg % g/di mm Hg
29.3
26.9
Control rats 22.5 26.2 102.4 44.8 14.0 30.8 47.2 4.84 7.59 15.0
±1.3 ±1.6 ±2.4 ±0.9 ±0.7 ±1.2 ±1.0 OO9 ±0.19 ±0.4
Pregnant rats 35.5" 37.2" 99.2 50.6" 14.0 36.6° 47.7 4.66 7.19 14.2
±2.2 ±2.4 ±2.1 ±1.0 ±0.4 ±0.9 ÷0.7 ±0.13 ±0.24 ±0.5
Abbreviations: SNGFR, single nephron GFR; BP, mean blood pressure; PG, hydrostatic pressure in glomerular capillaries; PT, hydrostatic
intratubular pressure; PG, capillary glomerular hydrostatic pressure gradient; Hct, systemic blood hematocrit; Ca and Ce, concentration of
proteins in arterial blood and in efferent arteriole, respectively; lTa and lr,, oncotic pressure in arterial blood and efferent arteriole, respectively;
EAP, hydrostatic pressure in first order peritubular capillaries; EFPa and EFPC, effective filtration pressure at the afferent and the efferent ends of
the glomerulus, respectively; Kf, ultrafiltration coefficient; SNFF, single nephron filtration fraction; AABF and AAPF, blood and plasma flow,
Statistical. Unpaired t test was used for comparison of the
means. Student's t value was used to test the null hypothesis
EFPe = 0 [13],
Results
Pregnancy caused a rise both in body weight, from 192.6 ±
4.5 (sEM) g to 211.8 ± 5.1 (sEM) g (P < 0.005) and in left kidney
weight, from 0.863 ± 0.016 (sEM) g to 0.949 ± 0.020 (sEM) g (P
<0.005).
Studies in hydropenia
The results of these studies are summarized in Table I.
In pregnant rats, SNGFR was increased, both as an absolute
value (35.5 ± 2.2 vs. 22.5 ± 1.3 ni/mm, P < 0.0005) and when
the value was normalized for kidney weight (37.2 ± 2.4 vs. 26.2
± 1.6 nl/min/g, P <0.0005). P0 rose from a control value of 44.8
± 0.9 to 50.6 ± 1.0 mm Hg (P < 0.0005). This rise in P, was
paralleled by an increase in PG, T being unmodified. During
pregnancy, Ca and Ce (and consequently ir and lTe) remained
unchanged. Therefore, the similar rise in EFPa and EFPe was
substantiated by the increase in zP0. EFPe in control rats was
not statistically different from zero, indicating a filtration pres-
sure equilibrium. In pregnant rats, instead, EFPe averaged 9,7
± 1.4 mm Hg; this value was significantly greater than zero (P
< 0.0005), indicating pressure disequilibrium at the end of
glomerular capillaries. Minimal possible Kf in control rats was
greater than the definite value of K in pregnant rats (0.0475 ±
0.0050 vs. 0.0379 ± 0.0022 nl/sec/mm Hg). In pregnant rats,
SNFF was unchanged. Hence, the rise in AAPF was parallel
with the rise in SNGFR and averaged 104.5 nI/mm in pregnant
rats vs. 63.0 ni/mm in control rats (P < 0.0005). A similar rise
occurred also in AABF, EAPF, and EABF. During pregnancy,
Ra was reduced markedly from 4.056 ± 0.321 to 2.045 ± 0.151
dyne/sec/cm5 (P < 0.0005). Also Re was decreased
significantly.
Studies during ECF volume expansion
The results of these studies are summarized in Table 2.
During ECF volume expansion SNGFR was more elevated
than in hydropenia both in pregnant and control rats. As in
hydropenia, SNGFR was greater in pregnant rats as an absolute
value (45.9 ± 2.5 vs. 37.8 ± 2.2 nl/min; P < 0.05). The
difference, however, was no longer statistically significant
when SNGFR was corrected for kidney weight. After saline
infusion, P0 rose both in pregnant and in nonpregnant rats,
remaining greater in the former. Similarly, IPG was still greater
in pregnant rats, and PT was equally augmented in the two
groups. A similar dilutional fall in HCta and Ca occurred in
pregnant rats as in control rats. Also Ce was reduced in both
groups, but not to the same extent, averaging 4.31 ± 0.22 g/dl in
pregnant vs. 5.48 ± 0.27 g/dl in nonpregnant rats (P < 0.005).
This lower Ce accounted for a significantly reduced SNFF
during pregnancy (0.26 ± 0.01 vs. 0.36 ± 0.02; P < 0.005). Due
to the fall in Ca and Ce (and consequently in ITaand Ire), and the
simultaneous rise in P0, both EFPa and EFPe rose in pregnant
as well as in control rats. In the latter, EFPe was increased to
14.0 ± 1.1 mm Hg, a value significantly different from zero (P <
0.0005), denoting filtration pressure disequilibrium. Therefore,
a unique value of Kf could be calculated also in nonpregnant
rats, resulting greater than in pregnant rats (0.0332 ± 0.0013 vs.
0.0285 ± 0.0005 nl/sec/mm Hg; P <0.005). During ECF volume
expansion AAPF rose to 180.5 ± 16.7 nI/mm in pregnant rats
and to a significantly lower value in control rats (108.8 ± 11.0
nI/mm, P < 0.025). Ra and Re fell in both groups, remaining
lower in pregnant than in non-pregnant rats.
SNGFR BP P0 PT G C C,, Ira iTe
Table 2. Effects of pregnancy on glomerular dynamics after ECF volume expansion
SNGFR BP P0 PT PG Ca C,,
nilminig Hct
ni/mm kidney wt mm Hg
Control rats
Pregnant rats
37.822
45.9"
±2.5
43.6
±2.5
49.3
÷2.8
102.6
±2.4
96.4
±2.9
49.1
±0.8
54.3°
±1.3
17.0
±0.6
16.7
±0.4
31.9
±1.1
35.7°
±3.4
34.3
±1.2
33.5
±1.4
3.48
±0.15
3.20
±0.13
5.48
±0.27
4.3 1
±0.22
9.6
±0.5
8.6
±0.5
17.9
±1.2
12.9°
±0.9
% g/di mm Hg
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Table 1. (Continued)
EAP EFPa EFP
Kf
ni/sec/mm Hg SNFF
AABF
___
AAPF EABF EAPF Ra Re
dyne/sec/cm5mm Hg ni/mm
Control rats 15.5 15.8 1.5" 0.0475 0.36 120.3 63.0 99.6 40.4 4.056 2.478
Pregnant rats 17.0 22.4b 97b 0.0379 0.35 200.2h 104.5b 164.7" 75.1° 2.045" 1.768°
respectively, across single afferent arteriole; EABF and EAPF, blood and plasma flow, respectively, across single efferent arteriole; Ra and R,
resistance of single afferent and efferent arteriole, respectively.
a Results are means SEM.
"P < 0.0005.
P < 0.005.
"P> 0.05 vs. zero.
Table 2. (Continued)
EAP EFPa
-
EFPa
Kf
ni/sec/mm Hg SNFF
AABF AAPF EABF EAPF Ra R
________
dyne/sec/cm5mm Hg ni/mm
Control rats 16.7 22.3 14.0 0.0332 0.36 167.2 108.8 129.4 70.9 2.727 2.203
Pregnant rats 19.7" 29.0° 24.7° 0.0285° 0.26' 272.3° 180.5° 226.4° 134.5° 1.334" 1.285°
Abbreviations are as in Table 1.
a Values are means SEM.
P < 0.0005.
P < 0.005.
"P < 0.05.
Discussion
Our studies in hydropenia confirm that SNGFR is enhanced
markedly during pregnancy. This rise in glomerular filtration is
mainly documented by an increase in glomerular plasma flow.
In fact, SNGFR is highly flow-dependent [12], this dependence
being particularly strict when a filtration pressure equilibrium is
achieved [141. In our study, indeed, pregnancy caused a propor-
tional increase in SNGFR and in AAPF, as witnessed by the
constancy of SNFF, despite the occurrence of a filtration
pressure disequilibrium. This disequilibrium was due both to
the rise in AAPF and to a reduction in the ultrafiltration
coefficient [15], but the expected fall in SNFF did not occur
because of the rise in effective filtration pressure. This rise was
entirely accounted for by the increase in PG (and therefore PG)
and must have made a small contribution to the rise in SNGFR.
The fall in Kf, however, offset this effect.
The rise in G and the increase in glomerular blood flow
occurring during pregnancy were both accounted for by a fall in
afferent arteriole resistance. The reasons for this reduction in
Ra were not clarified by this study. A possible cause may be the
expansion of extracellular fluid volume, an event documented
by others in 14-day pregnant rats [16]. An alternative explana-
tion based on circulating vasodilating substances, like prosta-
glandins, the excretion of which is known to increase during
gestation [17], may be postulated. Increased prostaglandin
secretion is believed to be responsible also for the high levels of
circulating angiotensin II in gestation [17], which may account
for the reduction in Kf observed in our study [18].
Our findings in hydropenia are of great interest, since preg-
nancy is the only known physiological condition in which a rise
in PG and AAPF is associated with a reduction in Kf.
The experiments during ECF volume expansion were espe-
cially designed to evaluate the effects of this readjustment in
glomerular dynamics in a condition when SNGFR should be
more dependent on K and less dependent on AAPF. The
mathematical model of ultrafiltration described by Brenner,
Ichikawa, and Deen [15], in fact, predicts a declining depen-
dence of SNGFR on plasma flow, and an increasing influence of
Kf on SNGFR, at high values of AAPF. In our studies, the
influence of Kf on ultrafiltration was further magnified by
utilizing the expansion with saline (instead of plasma or isoon-
cotic albumin) to increase AAPF. Due to the dilutional fall in
Ca, in fact, the values of K fell [19] into a range where a linear
relation between K and SNGFR should take place [15]. Our
results confirm that the prevision of Brenner's model are
correct. In pregnant rats during saline expansion, in fact, the
moderate reduction in Kf almost totally counterbalanced the
beneficial effects on ultrafiltration of the increase in both AAPF
and EFP. Thus, SNGFR was only moderately increased, and
SNFF was markedly reduced.
Our studies do not clarify whether the decrease in K
occurring during gestation is due to a reduction in hydraulic
permeability (k), in the area of the filtering surface (S), or a
combination of both. In a recent morphometric study, Olivetti
et at [20] showed that the increase in kidney weight, observed
during normal growth and compensatory hypertrophy, is asso-
ciated with a rise in S. These results suggest that also the rise in
kidney weight occurring in pregnancy is associated with an
increase in S, and that the fall in Kf is entirely due to a reduction
ink.
Our findings are in partial contrast with Baylis [6] who
observed no change in EFP. This discrepancy may be partially
612 Do! Canton ci a!
credited to methodological differences. Baylis' study, in fact,
was carried out in "euvolemic" rats, in which PG is normally
higher than in hydropenic rats. In euvolemic rats, a consistent
amount of isooncotic rat plasma is infused with the aim of
maintaining plasma volume during micropuncture experiment
at the pre-anesthesia value. Had some volume depletion oc-
curred in our hydropenic rats, this might have manifested as a
decrease in PG in control rats, but not in pregnant ones, in
which plasma volume is basically expanded [211. This mecha-
nism, however, cannot account for the lower PG found in our
study in control rats even after massive ECF volume expansion
with saline. The discrepancy with Baylis' conclusion that P0 is
unaltered in pregnancy, however, may be accounted for by
differences in gestational age. The studies of Baylis, in fact,
were carried out in 9- and 12-day pregnant rats, while our rats
were studied at days 15 and 16 of gestation. This difference
would correspond to a 1.5- to 3-month difference in the duration
of gestation in women and may well account for some physio-
logical changes in glomerular hemodynamics.
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